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Neural bHLH Genes Control
the Neuronal versus Glial Fate
Decision in Cortical Progenitors
from, the embryonic and adult central nervous system
(CNS) and the embryonic peripheral nervous system
(PNS) (Price and Thurlow, 1988; Davis and Temple, 1994;
Morshead et al., 1994; Doetsch et al., 1999; Johansson
et al., 1999; Morrison et al., 1999). Intermediate progeni-
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tors, such as the bipotential oligodendrocyte-type-2 astro-Boite Postale 163
cyte progenitor (O-2-A), and restricted neuronal progeni-67404 Illkirch Ce´dex
tors have also been isolated and characterized in cultureCommunaute´ Urbaine de Strasbourg
and by retroviral labeling studies. Moreover, a directFrance
linear relationship between multipotential and restricted
progenitors has been demonstrated in vivo (Mayer-Pro-
schel et al., 1997; Rao and Mayer-Proschel, 1997).Summary
A critical step during NSC differentiation is the deci-
sion to generate neuronal or glial progenitors. In theWe have addressed the role of the proneural bHLH
forebrain, as in most regions of the CNS and PNS, neuro-genes Neurogenin2 (Ngn2) and Mash1 in the selection
genesis precedes gliogenesis (Bayer and Altman, 1991).of neuronal and glial fates by neural stem cells. We
A major question is therefore how an NSC decides be-show that mice mutant for both genes present severe
tween these alternative fates in a sequential manner anddefects in development of the cerebral cortex, includ-
at the appropriate time during development. Generationing a reduction of neurogenesis and a premature and
of distinct cell types involves the action of both extrinsicexcessive generation of astrocytic precursors. An
and intrinsic cues (Gao and Raff, 1997; Edlund and Jes-analysis of wild-type and mutant cortical progenitors
sell, 1999; Qian et al., 2000). Extrinsic signals, includingin culture showed that a large fraction of Ngn2; Mash1
fibroblast growth factor (FGF), bone morphogenetic pro-double-mutant progenitors failed to adopt a neuronal
teins (BMPs), and cytokines, have been shown to influ-fate, instead remaining pluripotent or entering an
ence the decision of progenitor cells to acquire a neu-astrocytic differentiation pathway. Together, these re-
ronal or a glial fate (Shah et al., 1994; Ghosh andsults demonstrate that proneural genes are involved
Greenberg, 1995; Gross et al., 1996; Johe et al., 1996;in lineage restriction of cortical progenitors, promot-
Qian et al., 1997). In the PNS and CNS, bipotent progeni-ing the acquisition of the neuronal fate and inhibiting
tors have been shown to process extrinsic signals forthe astrocytic fate.
specification of neurons and glia in a sequential manner,
highlighting the importance of intrinsic cues as regula-
Introduction tors of a cell’s competence to respond to soluble factors
and select a neuronal or a glial fate (Shah and Anderson,
The mammalian CNS is derived from a monolayer of 1997; Park et al., 1999; Qian et al., 2000). Most notably,
germinal neuroepithelial cells from which single neural Notch signaling has been proposed as a mechanism
progenitors arise, proliferate, and differentiate to gener- linking extrinsic and intrinsic signals for glial fate specifi-
ate the complex repertoire of cell types that constitutes cation in the PNS, forebrain, and retina (Furukawa et al.,
the adult nervous system. The mechanisms that direct 2000; Gaiano et al., 2000; Morrison et al., 2000; Waka-
the generation of different neuronal and glial cell types matsu et al., 2000). In the forebrain, Notch signaling
in tightly regulated temporal and spatial patterns are induces radial glial identity in progenitors of the VZ (Gai-
beginning to be elucidated. A major advance in our un- ano et al., 2000). These studies suggest that Notch li-
derstanding of the mechanisms underlying neural devel- gands expressed on the surface of newborn neurons
opment has been the discovery of neural stem cells could instruct neighboring progenitors to adopt a glial
(NSCs). NSCs are defined as self-renewing multipotent fate (Morrison et al., 2000).
In vertebrates, genes related to members of the Dro-progenitors that give rise to both glial and neuronal
sophila achaete-scute complex (as-c) and atonal (ato)lineages (reviewed in Gage, 2000; McKay, 2000). NSCs
are good candidates for intrinsic factors that direct cellgenerate progenitors that continue to proliferate and
fate decisions. These genes encode basic helix-loop-undergo successive fate decisions that progressively
helix (bHLH) transcription factors that act in regulatoryrestrict the type of progeny produced (reviewed in Lil-
cascades, with early expressed genes regulating com-lien, 1998). As a result, the ventricular zone (VZ) and
petence or determination and later expressed genessubventricular zone (SVZ) of the neural tube contain
regulating differentiation (Cau et al., 1997; reviewed inheterogeneous populations of progenitors that include
Lee, 1997). In particular, the ato-related genes Neuro-NSCs and lineage-restricted progenitors. Cells with prop-
genin1 (Ngn1) and Neurogenin2 (Ngn2) and the as-c-erties of NSCs are observed in, and have been isolated
related gene Mash1 have determination functions in dif-
ferent lineages of the PNS and CNS. Mice lacking Mash1
* To whom correspondence should be addressed (e-mail: francois@
function present defects in the specification of progeni-igbmc.u-strasbg.fr).
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ventral forebrain, while Ngn1 and Ngn2 mutant miceMedical Center, Harvard Institutes of Medicine, 77 Louis Pasteur
Avenue, Boston, Massachusetts 02115. present similar phenotypes in the dorsal root and cranial
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ganglia and in the dorsal telencephalon (Cau et al., 1997; (data not shown). In contrast, radial processes were
clearly disorganized in the cortex of Ngn2; Mash1 double-Lo et al., 1997; Fode et al., 1998; Casarosa et al., 1999;
mutant embryos (Figures 1A9–1C9). Moreover, tangen-Ma et al., 1999; Fode et al., 2000).
tially oriented BLBP1 cells were found throughout theThe exact roles of proneural genes in the develop-
cortical plate of double mutants (Figure 1C9), a pheno-mental processes leading from NSCs to differentiated
type characteristic of differentiating astrocyte precur-neurons and glia remain to be determined. Here, we
sors (Rousselot et al., 1997). At E18.5, anti-BLBP and RC2show that Ngn2; Mash1 double mutants present a se-
staining revealed that the radial glia scaffold is prematurelyvere disruption of the cytoarchitecture of the cortex and
disrupted in the Ngn2; Mash1 double-mutant cortex, asdefects in the proliferation and molecular identity of cells
shown by the complete lack of radial processes ex-in cortical germinal layers, suggesting that these genes
tending from the ventricle to the pia (Figure 1D9–1G9).are required for the correct specification of progenitor
Moreover, the RC2 antibody marked some cell bodiesidentity. We used a mouse strain in which the coding
with astrocyte-like morphologies at both E15.5 andsequence of Ngn2 has been replaced by the lacZ gene
E18.5 (Figures 1B9 and 1E9). This data indicates that theto perform an in vitro clonal analysis of the proliferation
radial glia scaffold is prematurely disassembled in theand differentiation potential of cortical progenitors in
cortex of Ngn2; Mash1 double-mutant mice and sug-wild-type and mutant mice. This strategy has allowed
gests that this cell population may prematurely differen-us to examine the roles of bHLH genes in cell fate deci-
tiate along the astrocytic pathway, an event that nor-sions in the cortex. Our results demonstrate that expres-
mally does not occur until postnatal stages (Schmechelsion of Ngn2 in cortical progenitors correlates with lin-
and Rakic, 1979; Voigt, 1989).eage restriction and that Ngn2 and Mash1 control the
To further examine astrocyte differentiation, we ana-commitment of progenitors to a neuronal fate and inhibit
lyzed the expression of a marker of terminal astrocytethe choice of a glial mode of differentiation.
differentiation, glial fibrillary acidic protein (GFAP; Dahl
and Bignani, 1973). As astrocytes do not normally differ-Results
entiate until postnatal stages, GFAP is not detected in
the wild-type embryonic cortex. In Ngn2; Mash1 doubleDefects in the Cerebral Cortex of Ngn2; Mash1
mutants at E18.5, premature expression of GFAP wasDouble-Mutant Mice
only observed in one of three cortices examined, sug-The neural bHLH genes Ngn2 and Mash1 are expressed
gesting that in most cases, radial glia do not preco-in the germinal layers of the cortex at high levels (Grad-
ciously acquire a mature GFAP1 astrocytic phenotype.wohl et al., 1996; Fode et al., 2000) and low levels (Guille-
The transformation of radial glia to astrocytes is amot et al., 1993; Fode et al., 2000), respectively. As
bidirectional process that is influenced by extrinsic sig-previously reported, the analysis of early cortical devel-
nals emitted by Cajal-Retzius (CR) neurons of the mar-opment (E12.5) in Ngn2 and Mash1 single-mutant mice
ginal zone (Hunter and Hatten, 1995; Soriano et al., 1997;did not reveal overt defects in neuronal number, cortical
Supe`r et al., 2000). However, Reelin1 CR neurons wereorganization, or proliferative properties of mutant pro-
detected in the marginal zone of Ngn2; Mash1 double-
genitors (Casarosa et al., 1999; Fode et al., 2000; data
mutant embryos at E15.5 and E18.5 (data not shown),
not shown), although the loss of Ngn2 function does
suggesting that the loss of this cell population is not
lead to a change in neuronal identity (Fode et al., 2000).
likely the cause of the premature disruption of the radial
We showed that the neuronal specification defect and glial scaffold. We therefore used histology and molecu-
the lack of a quantitative neurogenic phenotype in Ngn2 lar markers to examine if defects in cortical progenitor
single mutants is due to a functional compensation by populations could account for the precocious onset of
Mash1, which is upregulated in Ngn2 mutant cortical astrocyte differentiation observed in Ngn2; Mash1 dou-
progenitors (Fode et al., 2000). Indeed, the number of ble-mutant embryos.
neurons differentiating in the cortex of embryos mutant Although the VZ of single and double mutants ap-
for both Ngn2 and Mash1 is drastically reduced at E12.5 peared normal at E12.5 and E13.5, as assessed by his-
and E13.5 (Fode et al., 2000; data not shown). To further tology and short-term BrdU incorporation (data not
study the function of Mash1 and Ngn2 in cortical progen- shown), a striking disorganization of the germinal layers
itors, we examined the cortex of double-mutant em- was observed in histological sections of double-mutant
bryos at later stages of development (E15.5–E18.5). cortices at E15.5 (Figures 2A9 and 2B9) and E18.5 (Fig-
Radial glia are among the first cells to differentiate in ures 2F9 and 2G9), with cortical cells apparently losing
the developing cortex, where they serve as a scaffold their epithelial properties and escaping into the ventricle
to guide the radial migration of neurons to the cortical (Figure 2F9). Moreover, proliferating progenitor cells,
plate (Rakic, 1971; Choi and Lapham, 1978). Radial glial which incorporated BrdU after a 30 min pulse, were
cells differentiate at postnatal stages into astrocytes distributed throughout the cortex of double-mutant em-
(Schmechel and Rakic, 1979; Voigt, 1989), and they have bryos at E15.5, instead of in their normal location near
also recently been shown to contain a population of multi- the ventricular surface (Figures 2C and 2C9). Defects in
potent progenitors capable of generating both neurons the distribution of progenitors were also apparent by
and astrocytes (Malatesta et al., 2000). We examined examination of the VZ markers Hes5 (Akazawa et al.,
radial glia in E15.5 and E18.5 single- and double-mutant 1992) and tenascinC (Bartsch et al., 1992) and the SVZ
embryos using anti-nestin, RC2, and BLBP antibodies marker NeuroD (Lee, 1997). At E15.5, particularly in the
(Misson et al., 1988; Feng et al., 1994). At E15.5, staining rostral cortex, transcripts for Hes5 (Figure 2D9), tenas-
with these antibodies revealed no overt defects in the cinC (data not shown), and NeuroD (Figure 2E9) were
lost from the VZ and SVZ and found in ectopic cellradial glia scaffold in Ngn2 and Mash1 single mutants
bHLH Genes in Neuronal versus Glial Fate Choice
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Figure 1. Radial Glia Defects in the Cortex of Ngn2; Mash1 Double-Mutant Embryos
Fluorescent micrographs of vibratome sections of E15.5 wild-type (A–C) and Ngn2; Mash1 double-mutant (A9–C9) embryos stained with anti-
Nestin (A and A9), RC2 (B and B9), and anti-BLBP (C and C9) antibodies. Fluorescent micrographs of vibratome sections of E18.5 wild-type
(D–G) and double-mutant (D9–G9) cerebral cortex stained with RC2 (pial staining [D and D9]; ventricular staining [E and E9]) and anti-BLBP (pial
staining [F and F9]; ventricular staining [G and G9]) antibodies. Note that radial glia processes, which are labeled by RC2 and anti-BLBP
antibodies in the wild-type cortex (D and F), are absent in the double-mutant cortex (D9 and F9). Tangentially oriented BLBP1 cells are found
instead scattered throughout the double-mutant cortex (C9, F9, and G9), and some RC21 cells have an astrocyte-like morphology in the double
mutant (B9 and E9), suggesting a premature differentiation along the astrocytic pathway.
clusters in more superficial positions. By E18.5, expres- First, what could be the nature of the redundancy be-
tween Ngn2 and Mash1 in cortical development? Sec-sion of Hes5, tenascinC, and NeuroD was almost com-
pletely abolished in the germinal layers of the double- ond, how do the mutations in Ngn2 and Mash1 affect
the developmental potential of cortical progenitors? Tomutant cortex, and Hes51 cells and tenascinC1 cells
were found scattered in the cortex (Figures 2H9 and 2I9). address these issues, we turned to an in vitro assay of
corticogenesistenascinC is known to be expressed in radial glia, whose
cell bodies are located in the VZ, as well as in committed
astrocyte precursors (Mitrovic et al., 1994) that migrate Characterization of the Progeny of Ngn21
and Ngn22 Progenitors in Cultureout of the germinal zone while continuing to divide (Alt-
man, 1966). Thus, our data supports the idea that in Neurogenesis appears quantitatively normal in the cere-
bral cortex of Ngn2 and Mash1 single-mutant mice,Ngn2; Mash1 double mutants, cortical progenitors pre-
maturely differentiate into immature astrocytes that con- whereas it is severely disrupted in double mutants. The
lack of overt single-mutant phenotypes could be due totinue to divide and express the markers BLBP, tenas-
cinC, and Hes5 but not into more mature GFAP1 redundant functions of Ngn2 and Mash1 in the same
cortical progenitor cells. Alternatively, Ngn2 and Mash1astrocytes.
Interestingly, despite severe defects in the molecular may have unique functions in different progenitor sub-
populations, such that defects in single mutants wouldidentity of double-mutant progenitors and the drastically
reduced level of neurogenesis in these embryos at early be masked by the presence of unaffected progenitors.
The possibility that Ngn2 function may be restricted toembryonic stages (E12.5 and E13.5), a cortical plate
does develop at late embryonic stages. However, the a subset of cortical progenitors was raised by the finding
that cortical progenitors are heterogenous for expres-cortical plate of the double-mutant cortex appeared
thinner, with a reduced cell density, and was less orga- sion of this gene (Figure 3). In particular, in embryos
carrying an allele of Ngn2 in which the lacZ reporter hasnized than in the wild-type cortex (Figures 2B, 2B9, 2G,
and 2G9). been inserted (Ngn2KILacZ; Fode et al., 2000), b-galactosi-
dase (b-gal) staining is only found in a subset of cellsThe severe defects in corticogenesis observed in Ngn2;
Mash1 double mutants raised two important questions. in the VZ of the cortex (Figures 3A and 3B). Ngn2 expres-
Neuron
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Figure 2. Disruption of Cortical Germinal
Layers in Ngn2; Mash1 Double-Mutant Em-
bryos
Hematoxylin-eosin staining of sagittal sec-
tions through the cerebral cortex of E15.5 and
E18.5 wild-type (A, B, F, and G) and Ngn2;
Mash1 double-mutant (A9, B9, F9, and G9) em-
bryos shows that the cortical ventricular zone
(VZ) and subventricular zone (SVZ) are re-
duced and disorganized, and the cortical
plate (CP) is thinner and less cell dense in the
double mutants. Short-term BrdU incorpora-
tion in E15.5 embryos shows that proliferating
progenitors are exclusively found along the
ventricle in wild-type embryos at this stage
(C), while they are found scattered throughout
the cortex in double mutants (arrowheads in
[C9]), similar to the normal distribution of
astrocyte precursors at postnatal stages. Dis-
tribution of transcripts for the VZ marker Hes5
(D and D9) and the SVZ marker NeuroD (E and
E9) in sagittal sections of E15.5 wild-type and
Ngn2; Mash1 double-mutant cortices shows
a disruption of molecular marker expression
in VZ (D9) and SVZ (E9) progenitors, particu-
larly in rostral regions of the cortex. Distribu-
tion of transcripts for tenascinC (H and H9),
Hes5 (I and I9), and NeuroD (J and J9) in sagit-
tal sections through the cortex of E18.5 wild-
type and double-mutant embryos shows that
VZ (H9 and I9) and SVZ (J9) progenitors have
lost their molecular identity. Ectopic expres-
sion of tenascinC (arrowheads in the inset in [H9]), which is normally restricted to VZ progenitors including radial glia, and Hes5 (arrowheads
in the inset in [I9]) is observed throughout the cortex in double mutants.
sion could thus mark a particular stage of progenitor (90% 6 5%) and b-gal2 (78.4% 6 3.2%) populations
contained only neurons (Figures 5A, 5B, and 6, and datadevelopment in all cortical lineages, or it could be re-
stricted to a subset of cortical lineages. In the latter not shown). The presence of a large number of neuronal
restricted progenitors in the b-gal2 population (Figurecase, a loss of Ngn2 function would lead to defects
restricted to Ngn21 lineages, which could be missed by 5B) provides evidence for the existence of two popula-
tions of neuronal-restricted progenitors differing in theiran in vivo analysis of the mutants.
To distinguish between these possibilities, we exam- expression of Ngn2. A small fraction of the clones from
both b-gal1 and b-gal2 populations contained only astro-ined separately the properties of Ngn-positive (Ngn21)
and Ngn-negative (Ngn22) progenitors. For this, we cytes (7.5% 6 5% and 4.6% 6 3%, respectively). Impor-
tantly, the cultures of b-gal2 cells also contained a frac-stained cortical cells from Ngn2KILacZ embryos using the
vital fluorogenic b-gal substrate fluorescein digalacto- tion (17% 6 3%) of clones containing both neurons
and astrocytes that were of significantly larger size thanpyranoside (FDG) and sorted b-gal-positive and -nega-
tive cells by flow cytometry. The b-gal1 and b-gal2 pro- neuronal and astrocytic clones (average size, neuron/
astrocyte clones 5 30.9 6 22.5 cells; neuronal clones 5genitor populations were then cultivated at low density
for 7 days. Sorted mouse progenitors were cultivated 13.1 6 15.2 cells; astrocytic clones 5 4.7 6 2.9 cells).
These mixed clones were much less frequent in cultureson a layer of rat feeder cells obtained from rat cortices
at an equivalent developmental stage, providing an envi- of b-gal1 cells (2.5%; Figures 5A, 5B, and 6), indicating
that Ngn2 is not significantly expressed in highly prolifer-ronment containing the signals necessary for normal
growth and differentiation of progenitors (Reh, 1992; ative bipotential progenitors.
Analysis of cultures of E14.5 b-gal1 and b-gal2 pro-Go¨tz et al., 1998). Anti-mouse-specific antibodies (La-
genaur and Schachner, 1981; Lund et al., 1985) were genitors indicated the presence of a larger proportion
of astrocytic progenitors (b-gal1 5 42.7% 6 4.5%;used to label the progeny of sorted cells, and antibodies
against class III b-tubulin and GFAP were used to deter- b-gal2 5 19.7% 6 3.5%) and a smaller proportion of
neuronal and pluripotent progenitors (b-gal1 5 56.1% 6mine cell types (Figure 4). By examining the size and
composition of the colonies generated from single pro- 3% neuronal clones, 1.1% 6 1.5% mixed clones;
b-gal2 5 71% 6 8.5% neuronal clones, 9.3% 6 5%genitors in these cultures, the degree of fate restriction
and the proliferation and differentiation potential of mixed clones) than at earlier stages (Figures 5C, 5D,
and 6). This is in agreement with earlier in vivo studiesthese progenitors could be determined.
The developmental potential of b-gal1 and b-gal2 pro- showing that most progenitors at early stages of cortico-
genesis are multipotent or committed neuronal progeni-genitors was analyzed at different stages in cortical de-
velopment (Figures 5 and 6). In cultures of E13.5 progeni- tors, while committed glial progenitors become more
prevalent at later developmental stages (Levison andtors, the majority of the clones derived from both b-gal1
bHLH Genes in Neuronal versus Glial Fate Choice
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Figure 3. Sorting of Ngn21 and Ngn22 Corti-
cal Cells by Flow Cytometry
(A and B) b-gal staining of a frontal section
at forebrain level of a E14.5 embryo heterozy-
gous for a null allele of Ngn2 (Ngn2KILacZ) in
which the lacZ sequence replaces part of the
Ngn2 coding sequence (Fode et al., 2000).
The region of the cortex delineated by the red
rectangle in (A) is shown at a higher magnifi-
cation in (B). b-gal activity matches the distri-
bution of Ngn2 transcripts in progenitors in
the ventricular zone (VZ) and subventricular
zone (SVZ). In addition, b-gal staining is found
in postmitotic neurons of the intermediate
zone (IZ) and cortical plate (CP), where Ngn2
transcripts are not found (Gradwohl et al.,
1996), likely due to the stability of the b-gal
protein and its persistence in neurons after
Ngn2 transcription has stopped. Note that
b-gal staining is not uniform in the VZ but is
restricted to a subset of progenitors.
(C) Fluorescent activated cell sorter profiles
obtained with FDG-labeled cortical cells from
Ngn2KILacZ embryos. Left panels show histo-
grams with cell number (vertical axis) plotted
against fluorescent intensity of FDG (hori-
zontal axis). Right panels show dot plots of
size scatter (vertical axis) against FDG signal
intensity (horizontal axis). b-gal expression of
cortical cells from heterozygous (1/2) and
homozygous (2/2) Ngn2KILacZ embryos was
analyzed at E12.5, E14.5, and E17.5, as
shown. Cells obtained from the cortex of wild-
type embryos (1/1) or from the ganglionic
eminence (GE) of heterozygous embryos
serve as negative controls. The numbers in
the histogram panels correspond to the per-
centage of b-gal1 cells as defined by the gate
indicated by a horizontal bar. The gates used
for sorting b-gal2 cells (left gate) and b-gal1
cells (right gate) for the culture experiments
are shown in the dot plot panels.
Goldman, 1997; Parnavelas, 1999). These results thus and E14.5 embryos homozygous for the Ngn2KILacZ allele.
Cells were labeled, sorted, and cultured for 7 days asshow that Ngn2 is expressed in both neuronal- and
astrocytic-restricted progenitors and that astrocytic described above. Analysis of cell-type composition of
the clones derived from both b-gal1 and b-gal2 corticalprogenitors are also heterogenous for Ngn2 expression.
As at earlier stages, most pluripotent progenitors were progenitor populations from Ngn2 homozygous mu-
tants showed no significant difference with cultures offound in the b-gal2 population. Together, these results
show that Ngn2 expression is essentially restricted to Ngn2KILacZ heterozygous progenitors, with only a slight
reduction of the average size of neuronal clones (Figurecommitted neuronal and astrocytic progenitors and is
absent from highly proliferative, pluripotent progenitors 6 and data not shown). As discussed above, one expla-
nation for the lack of phenotype in Ngn2 mutants couldthat presumably include NSCs. This result thus suggests
that the onset of Ngn2 expression in cortical progenitors be a functional compensation by Mash1, which is upreg-
ulated in Ngn2 mutant cortical progenitors (Fode et al.,correlates with a step of lineage restriction.
2000).
Mash1 transcripts are normally present at a low butConsequences of Loss of Proneural Gene Function
for Cortical Progenitor Properties detectable level in the dorsal telencephalon. We there-
fore examined the development of cortical progenitorsTo directly address the functions of Ngn2 and Mash1
in cell fate decisions, we studied the development of from Mash1 mutant embryos in the clonal coculture
assay. Embryos homozygous for the Mash1D mutationcortical progenitors isolated from Ngn2; Mash1 double-
mutant mice in clonal cultures. We also addressed the and heterozygous for the Ngn2KILacZ allele (referred to
below as Mash1 mutants) were harvested at E14.5, andpossibility that a compensation between progenitors be-
longing to different lineages explains the lack of overt cortical cells were labeled, sorted, and cultured as
above. Cultures of Mash1 mutant b-gal1 cells showedcortical defects in single Ngn2 and Mash1 mutants by
separately examining the properties of Ngn21 and a similar clone composition as cultures obtained from
heterozygous Ngn2KILacZ mice (Figures 5E and 6). In con-Ngn22 progenitors isolated from single mutants.
Ngn2 mutant progenitors were obtained from E13.5 trast, a dramatic increase in the proportion of clones
Neuron
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Figure 4. Cell-Type Composition of Clones Obtained after Sorting and Culture of Cortical Progenitors
Clones obtained after a 7 day coculture of Ngn2KILacZ cells with rat cortical feeder cells were fixed and triple stained with the anti-mouse
antibodies M2 and M6 (red), an anti-class III b-tubulin antibody (green), and an anti-GFAP antibody (blue). Neurons and astrocytes derived
from mouse progenitors appear as yellow (green plus red) and purple (blue plus red), respectively, while red cells are still undifferentiated.
Green neurons and blue astrocytes belong to the rat feeder layer.
(A–D) A mixed clone observed in a culture of b-gal2 cells obtained from a E14.5 heterozygous Ngn2KILacZ embryo. M2/M6-positive mouse cells
(A), b-tubulin1 neurons (B), and GFAP1 astrocytes (C) are shown separately. The merged image in (D) shows two neurons (arrows) and an
astrocyte (arrowhead) belonging to the mouse cell clone.
(E) A portion of a mixed clone in a culture of b-gal1 cells obtained from an E14.5 Ngn2; Mash1 double-mutant embryo. This clone contains
a large number of astrocytes and only a few neurons.
(F and G) Glial restricted clones in cultures of b-gal1 cells obtained from a heterozygous Ngn2KILacZ embryo (F) and a Ngn2; Mash1 double-
mutant embryo (G). The double-mutant clone is much larger. In (F) and (G), the green channel has been omitted for clarity. Pictures were
taken with a 403 objective. The bar represents 50 mm.
containing only astrocytes (Mash1D 5 61.3% 6 2.5%; type 5 1.1% 6 1.5% mixed clones, 42.7% 6 4.5%
astrocytic clones) (Figures 5G and 6). Moreover, thewild type 5 19.7% 6 3.5%) was observed in the b-gal2
population of Mash1 mutant embryos, at the expense mixed clones found in double-mutant b-gal1 cell cul-
tures had a different composition than those present inof both neuronal and mixed clones (Figures 5F and 6).
Thus, Mash1 has an essential function in a subset of wild-type cultures (see Figure 4). The double-mutant
mixed clones were much larger (average size, doubleNgn22 progenitors that had not been detected by the
in vivo analysis of Mash1 mutants (data not shown). These mutant 5 27.1 6 14.7 cells; wild type 5 8 6 2.8 cells)
and contained mostly astrocytes and only a few neuronsresults implicate Mash1 in the decision of Mash11, Ngn22
progenitors to enter a neuronal rather than a glial path- (average number of neurons 5 3; astrocytes 5 25),
whereas clones produced by wild-type pluripotent pro-way of differentiation. Moreover, the normal develop-
ment of Ngn21 progenitors in both Ngn2 mutant and genitors contained a similar number of neurons and
astrocytes (average number of neurons 5 4; astrocytes 5Mash1 mutant embryos suggests that the two genes
may be functionally redundant in this cortical subpopu- 4). These results indicate that in the absence of both
Ngn2 and Mash1 function, many b-gal1 progenitors thatlation.
We next analyzed cortical progenitors from embryos would normally be restricted to the production of neu-
rons have a much reduced capacity to produce neuronsdouble homozygous for the Mash1D and Ngn2KILacZ muta-
tions (Figures 5G, 5H, and 6). While double-mutant em- and generate astrocytes instead. This is consistent with
the idea suggested by our in vivo analyses that an ex-bryos die too early to fully assess astrocyte development
in vivo, both neuronal and astrocytic differentiation cess of cortical progenitors enter the astrocytic differen-
tiation pathway in Ngn2; Mash1 double mutants.could be examined after 7 days of culture of double-
mutant progenitors. Cultures of b-gal1 cells isolated Cultures of double-mutant b-gal2 progenitors also
showed important differences compared to cultures offrom E14.5 Ngn2; Mash1 double-mutant embryos
showed a striking increase in average clone size (double wild-type progenitors (Figures 5H and 6). Mixed clones
derived from double-mutant b-gal2 progenitors weremutant 5 20.8 6 16.3 cells; wild type 5 7 6 6.1 cells)
and a reduction in the proportion of neuronal clones larger and contained many astrocytes and few neurons,
as did cultures of double-mutant b-gal1 cells. The pro-(double mutant 5 38.5% 6 10.6%; wild type 5 56.1% 6
3%) when compared with cultures from wild-type or portion of neuronal clones was also significantly re-
duced in b-gal2 double-mutant progenitors when com-single-mutant embryos. The reduced number of neu-
ronal clones correlated with a striking increase in num- pared with wild-type or single mutants (double-mutant
average, 54.5%; wild type, 71% 6 8.5%).ber of mixed neuron/astrocyte clones (double-mutant
average 5 16 mixed clones, 45.5 astrocytic clones; wild To rule out the possibility that the differences in com-
bHLH Genes in Neuronal versus Glial Fate Choice
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Figure 5. Clonal Analysis of the Proliferation
and Differentiation Potential of Ngn21 and
Ngn22 Cortical Progenitors in Cortices of Dif-
ferent Stages and Genotypes
The graphs show the frequency of clones of
a given size class and cell composition in
cortical progenitor cultures.
(A and B) Cultures of Ngn2LacZ2 (b-gal2)
cells obtained at E13.5 contain a significantly
larger proportion of large clones composed
of both neurons and astrocytes than cultures
of Ngn2LacZ1 (b-gal1) cells of the same age.
Clones containing only neurons are found in
cultures of both types of progenitors.
(C and D) Glial clones are more frequent in
cultures of E14.5 progenitors than with earlier
progenitors.
(E and F) There is a strong increase in propor-
tion of astrocytic clones in the cultures of
b-gal2 cells from E14.5 Mash1 mutant em-
bryos, while there is no significant difference
between cultures of b-gal1 cells from Mash1
mutants and wild types.
(G and H) Cultures from E14.5 Ngn2; Mash1
double mutants show a striking increase in
average clone size, a strong increase in num-
ber of both mixed neuronal/astrocytic clones
and astrocytic clones, and a reduction in
the proportion of neuronal clones. Moreover,
the mixed clones found in cultures of double-
mutant b-gal1 cells contain fewer neurons
and more astrocytes than wild-type mixed
clones. A minimum of 100 clones was ana-
lyzed for each experiment. Data were ob-
tained with three embryos in independent ex-
periments, except for the Mash12/2; Ngn22/2
genotype for which the data were obtained
from two embryos. Cells were counted using
603 and 1003 objectives.
position of wild-type and mutant cultures are due to Mash1 double-mutant embryos, including evidence of
differential defects in survival of mutant progenitors, we an excessive and premature differentiation of progeni-
examined plating efficiencies in the different genetic tors along the astrocytic pathway. In vivo studies also
backgrounds. In cultures of wild-type progenitors, the provided evidence that only a subset of cortical progeni-
number of M2/M61 colonies obtained after 7 days repre- tors express Ngn2, indicative of a heterogeneity of pro-
sented 29.9% 6 3.5% of the number of M2/M61 cells genitor populations. To more clearly define at which
attached to the coverslips after 3 hr of culture, or step in the development of cortical lineages Ngn2 and
12.9% 6 2.7% of the number of cells sorted by FACS. Mash1 function and to determine whether these genes
This latter value was not significantly different when act in the same or distinct populations of progenitors,
Ngn2; Mash1 double-mutant progenitors were sorted we turned to an in vitro approach. The analysis of bHLH
and cultivated (13.7% 6 0.1%). There is therefore no gene function in progenitor cultures led to three impor-
significant difference in the death rate of progenitors tant observations. First, by studying separately the
between wild-type and double-mutant cultures. properties of Ngn21 and Ngn22 progenitors, we demon-
strated that Ngn2 expression is restricted to committed
neuronal and astrocytic progenitors and is absent fromDiscussion
pluripotent progenitors. Second, we showed that both
neuronal and astrocytic lineages of the cortex are heter-In this paper, we have addressed the functions of bHLH
ogenous for Ngn2 expression and that Mash1 has angenes in development of the cerebral cortex by examin-
essential function in the Ngn22 subpopulation of corticaling the developmental potential of wild-type and mutant
progenitors. Finally, our in vitro studies showed thatprogenitors both in vitro and in vivo. In vivo studies
revealed severe defects in corticogenesis in Ngn2; Ngn2 and Mash1 mutations result primarily in defects
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Figure 6. Frequency of Neuronal, Astrocytic,
and Mixed Clones in Cortical Cultures from
Wild-Type and Ngn2 and Mash1 Mutant Em-
bryos
The percentage of each type of clone in each
genotype is presented; data represent the
mean 6 standard deviation (SD) for three in-
dependent experiments, except for the dou-
ble homozygous mutant genotype, which is
the mean value of two independent experi-
ments. The clone sizes for the neuronal (N),
astrocytic (A), and mixed clones (NA) are
shown on top. Statistically significant differ-
ences in clone composition between two
conditions were calculated using the chi-
square test. Letters on top of the bars indicate
comparisons found to be statistically signifi-
cant as follows: (a and c) Differences between
the composition of clones derived from lacZ-
positive and -negative wild-type progenitors
(Ngn21/2) at E13.5 and E14.5 (p , 0.01), indi-
cating that Ngn2-lacZ is not expressed in bi-
potent progenitors. (b) Differences between
the composition of clones derived from lacZ-
positive populations from E13.5 and E14.5
wild-type mice as a results of the expansion
of the astrocyte progenitor population. (e)
Differences between the composition of
clones derived from lacZ-negative Ngn21/2
and Mash12/2; Ngn21/2 progenitors (p , 0.01),
indicating that Mash1 inhibits the glial fate in
Ngn2-negative progenitors. (d and f) Differ-
ences between the composition of clones de-
rived from wild-type and Mash12/2; Ngn22/2
progenitors, in both lacZ-positive (p , 0.01)
and -negative (p , 0.05) cultures, indicating
that Ngn2 and Mash1 are involved in regulat-
ing the neuronal versus glial fate decision.
In contrast, no significant differences were
found in the clonal composition of Ngn2 wild-
type and mutant cultures.
in fate commitment of cortical progenitors, which remain mice and in the epibranchial placodes of Ngn2 mutant
mice, primary neuroepithelial progenitors are presentpluripotent or adopt a glial fate rather than becoming
restricted to neuronal differentiation. Together, the data but fail to generate secondary progenitors with a neu-
ronal identity (Cau et al., 1997; Fode et al., 1998; E. Cauobtained in vivo and in culture support the conclusion
that Ngn2 and Mash1 act in different populations of and F. G., unpublished data). Similarly, neurogenesis
defects in the ventral telencephalon of Mash1 mutantcortical progenitors to promote the neuronal fate and
inhibit the astrocytic fate. mice more severely affect the SVZ, which is thought to
mostly contain committed progenitors, rather than the
VZ, where NSCs are located (Casarosa et al., 1999).bHLH Genes Are Expressed in Committed
Neural Progenitors
Ngn2 is expressed in a subset of cells in the cortical bHLH Genes Promote Neuronal Commitment
and Inhibit the Glial Fategerminal layers, as shown by b-gal labeling of Ngn2KILacZ
brains. By assessing separately the developmental po- Although genetic studies have previously shown that
bHLH determination genes are required at early stagestential of Ngn21 and Ngn22 progenitors in culture, we
have shown that this heterogeneity reflects at least two in neural lineage development (reviewed in Kageyama
and Nakanishi, 1997; Guillemot, 1999), these studiesdifferent aspects of Ngn2 regulation. First, as discussed
further below, Ngn2 is only expressed in a subset of have not revealed the specific functions of bHLH genes
in neural progenitors. In particular, it is not knownneuronal and astrocyte progenitors, suggesting that cell
lineages in the cortex are heterogeneous with respect whether bHLH genes are only required for the commit-
ment of NSCs to differentiation or whether they are moreto Ngn2 expression. Second, in the lineages that do
express Ngn2, expression is only induced as pluripotent specifically involved in the choice of a neuronal versus
a glial mode of differentiation. Our in vivo analysis ofprogenitors are committed to a particular fate. This is
consistent with previous studies that have also ascribed Mash1; Ngn2 double mutants suggested that these
genes may play a role in the neuronal versus glial fatethe functions of vertebrate bHLH proneural genes to
committed (or secondary) progenitors rather than early decision. In particular, dividing astrocytic precursors ex-
pressing BLBP and tenascinC were generated prema-NSCs. Both in the olfactory epithelium of Mash1 mutant
bHLH Genes in Neuronal versus Glial Fate Choice
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Figure 7. A Model of the Functions of bHLH
Genes in Cortical Progenitors
bHLH genes are not expressed in pluripotent
cortical progenitors. The onset of expression
of Ngn2 (this paper) and Mash1 (Torii et al.,
1999) correlates with lineage restriction. Ngn2
and Mash1 are expressed in distinct popula-
tions of progenitors, due in part to the nega-
tive regulation of Mash1 expression by Ngn2
(Fode et al., 2000). Ngn2 and Mash1 have two
activities in cortical progenitors, commitment
to the neuronal fate, and inhibition of the al-
ternative astrocytic fate.
turely in the double-mutant cortex, whereas neuronal mutants, albeit in reduced number. This is likely due to
the expression in the cortex of additional genes with adensity was decreased. However, given the difficulty of
examining the fate of progenitors in vivo, it was neces- neuronal determination activity, such as Ngn1 (Sommer
et al., 1996; Fode et al., 2000).sary to turn to an in vitro approach to determine the role
of the proneural genes in governing fate decisions. bHLH genes have previously been shown to promote
the differentiation of committed neuronal progenitorsOur results from in vitro cultures of Ngn2 and Mash1
mutant progenitors strongly argue for a role for these (reviewed in Lee, 1997; Kageyama and Nakanishi, 1997).
However, our results cannot be explained by a require-genes in lineage restriction, promoting the neuronal fate
and inhibiting the glial fate in pluripotent cortical progen- ment for Ngn2 and Mash1 in neuronal differentiation as
we do not observe a block of neuronal differentiation,itors. The main arguments are that in Mash1 mutants,
the majority of Ngn22 progenitors produce astrocytes but rather a shift of double-mutant progenitor cells to
astrocytic differentiation. We thus favor the interpreta-at the expense of neurons and that in Ngn2; Mash1
double mutants, Ngn21 progenitors become pluripotent tion that in the absence of bHLH genes, there is a failure
of commitment to a neuronal fate by cortical progeni-or committed to astrocyte rather than neuronal differen-
tiation. These shifts in clone composition are not likely tors, which instead enter an astrocytic pathway of differ-
entiation. This demonstrates that bHLH genes controlexplained by the differential survival of mutant progeni-
tors, as there was no difference in plating efficiency the lineage restriction of pluripotent cortical progenitors
and the choice of a neuronal pathway of differentiationbetween wild-type and mutant cultures. Although we
cannot rule out the possibility that these mutations se- (Figure 7). Consistent with this idea, previous studies
have shown that forced expression of Mash1 in neurallectively alter the proliferative potential of subpopula-
tions of progenitors with a net balancing effect, prolifera- crest stem cells induces neurogenesis at the expense
of other fates, demonstrating that Mash1 has the capac-tion defects alone, even if occurring before the time of
culture, are not sufficient to account for the observed ity to mediate neuronal commitment in multipotent neu-
ral progenitors (Lo et al., 1998). However, loss-of-func-changes in clone composition. In particular, the large
increase in number of bipotent progenitors in Mash1; tion studies have not lent support for such an early
function of Mash1 in neural crest-derived lineages (Som-Ngn2 double mutants is unlikely to be due to changes
in proliferation, as Ngn2 is not expressed in bipotent mer et al., 1995), while this study provides a clear dem-
onstration that neural bHLH genes control neuronalprogenitors. Moreover, these double-mutant bipotent
progenitors are intrinsically different from those found commitment in pluripotent progenitors.
Both our in vivo and in vitro analyses show that inin wild-type cultures, as they present a very limited po-
tential for neuronal differentiation. Thus, proneural genes the absence of Ngn2 and Mash1 function, most mutant
progenitors that fail to commit to the neuronal fate pro-are more likely to affect the size of the bipotent progeni-
tor pool through regulating the transition from multipo- duce astrocytes rather than remaining undifferentiated.
This suggests that neural bHLH genes, in addition totent to restricted neuronal progenitors.
We can thus conclude that Mash1 and Ngn2 play a their neuronal determination function, are also impli-
cated in inhibiting the astrocytic fate in pluripotent pro-role in fate commitment, biasing cells toward a neuronal
rather than a glial fate based on the observation that a genitors (Figure 7). In support of this hypothesis, Ngn1
has recently been shown to actively suppress astrocytefraction of Ngn2; Mash1 mutant progenitors change their
fate, shifting from neuronal to glial. It is important to note, differentiation in cultured cortical progenitors (Sun et
al., 2001). Interestingly, while Ngn1 induced neuronalhowever, that neuronal progenitors persist in double
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differentiation in these cells by functioning as a classical (M. N. and F. G., unpublished data). Moreover, Ngn2
transcripts are present in the cortex at late embryonictranscriptional activator, it inhibited gliogenesis by in-
and early postnatal stages, when gliogenesis has re-terfering with the BMP and CNTF signaling pathways via
placed neurogenesis (C. S. and F. G., unpublished data),a DNA binding-independent mechanism. Thus, neural
supporting the idea that Ngn2 is indeed expressed inbHLH genes may control the fate of neural progenitors
astrocyte progenitors. One possibility to explain thisdirectly by activating transcriptional programs of neuro-
paradox is that Ngn2 is inactive at the time corticalgenesis and repressing gliogenesis programs, and/or
progenitors enter the astrocytic pathway, either be-more indirectly by regulating the competence of progen-
cause another neuronal promoting factor is lacking oritors to respond to extrinsic neurogenic and gliogenic
because a neuronal inhibitory factor is present thatsignals.
counteracts Ngn2 activity in astrocyte progenitors. Re-
cent experiments of forced expression of bHLH genesHeterogeneity of Neuronal Progenitors
in the cortex support this hypothesis (Cai et al., 2000).in the Cortex
In this study, in vivo infection of postnatal cortical pro-Three bHLH genes, Ngn1, Ngn2, and Mash1, are ex-
genitors by retroviruses expressing Ngns or Mash1 re-pressed by cortical progenitors during the period of
sulted in a very limited conversion of astrocyte progeni-neurogenesis (Guillemot and Joyner, 1993; Sommer et
tors to the neuronal fate, arguing that expression of aal., 1996; Fode et al., 2000). Whether these genes are
neural bHLH gene alone is in most cases not sufficientexpressed in the same pool of progenitors, or in different
to promote neuronal development. Notch signaling is aprogenitor populations that may correspond to distinct
candidate pathway to inhibit the neuronal determinationcortical lineages, has not yet been addressed. In the
activity of Ngn2 in astrocyte progenitors. Indeed, Notchcourse of this study, we have made several observations
signaling has been recently implicated in instructing thethat support the hypothesis that these genes are ex-
glial fate (Furukawa et al., 2000; Gaiano et al., 2000;pressed in different populations of neuronal progenitors
Morrison et al., 2000; Wakamatsu et al., 2000). Duringand that cortical lineages are thus heterogeneous with
neurogenesis, Notch is activated in cells neighboringrespect to bHLH gene expression. First, the observation
neuronal progenitors, where it suppresses the neuronalthat both b-gal1 and b-gal2 progenitors give rise to
fate (Artavanis-Tsakonas et al., 1999). As Ngn2 expres-neuronal clones argues for the existence of at least two
sion is induced in progenitors in response to differentia-types of neuronal progenitors that differ in their expres-
tion signals, Notch could be involved in partitioningsion of Ngn2. Although there is a possibility that Ngn21
these cells into neuronal progenitors and astrocytic pro-and Ngn22 neuronal progenitors correspond to different
genitors through inhibition of Ngn2 function in the latterdevelopmental stages of the same progenitor pool, this
population. Thus, the promotion of glial fate by Notchscenario is unlikely given that progenitors close to differ-
may be due in part to the inhibition of glial fate inhibitors,entiating (i.e., those generating two-cell clones), were
including Ngn2. Other signaling pathways, such as thosefound in both b-gal1 and b-gal2 populations. Second,
activated by FGF2, CNTF, and BMPs, which promotethe change in fate of Mash1 mutant progenitors from
the astrocytic fate in neural stem cell cultures (Gross etneuronal to glial affects only Ngn22 progenitors, indicat-
al., 1996; Johe et al., 1996; Qian et al., 1997), may alsoing that Mash1 functions in a different subset of neuronal
mediate their function through inhibition of Ngn2 activ-progenitors than Ngn2. Thus, our data support the idea
ity. Finally, Ngn2 activity may also be antagonized bythat Ngn2, Mash1, and possibly Ngn1 are expressed in
intrinsic determinants, which have been shown to con-distinct pools of neuronal progenitors (Figure 7), al-
trol the transition from a neuronal to a glial mode of
though coexpression studies are required to obtain a
differentiation in stem cells (Qian et al., 2000).
more precise picture of the expression patterns of these
The expression of Ngn2 in a large fraction of astrocyte
genes in the cortex. The expression of different bHLH progenitors raises the possibility that Ngn2 functions in
genes in different subsets of neuronal progenitors raises these cells after their commitment to the astrocytic fate.
the intriguing possibility that these genes are implicated Indeed, our results point to a function of bHLH genes
in the specification of different neuronal subtypes in the in the astrocytic lineage. First, astrocyte-only clones
cortex. Neural bHLH genes have been implicated in the are larger in cultures of Ngn2; Mash1 double-mutant
specification of neuronal subtypes in various regions of progenitors than in control cultures, suggesting that
the nervous system (reviewed in Anderson and Jan, Ngn2 regulates the proliferation of astrocyte progeni-
1997; Brunet and Ghysen, 1999; Guillemot, 1999), includ- tors. Second, radial glia in the Ngn2; Mash1 double-
ing in the telencephalon, where Mash1 can induce a mutant cortex prematurely transform into differentiating
marker of GABAergic neurotransmission when ectopi- astrocyte progenitors, which are identified as cells that
cally expressed in Ngn21 progenitors (Fode et al., 2000). divide while migrating out of the germinal zone (Altman,
1966), and express the early astrocytic markers BLBP
Ngn2 Expression and Function in Glial Lineages and tenascinC (Mitrovic et al., 1994; Rousselot et al.,
Our data and other studies (Sun et al., 2001) show that 1997). Although it is possible that this accelerated
Ngn2 and Mash1 promote neuronal development and astrocytic differentiation reflects a premature astrocytic
inhibit gliogenesis in cortical progenitors. However, sev- commitment of double-mutant progenitors, which then
eral of our results also indicate that Ngn2 is expressed would differentiate according to a fixed internal sched-
in astrocyte progenitors. In Ngn2KILacZ embryos, most ule, it may also be due to an additional function of bHLH
progenitors committed to astrocyte differentiation are genes in controlling the rate of differentiation in the
found in the b-gal1 progenitor pool, and b-gal is ex- astrocytic lineage. Consistent with the idea that bHLH
genes are implicated in glial development, it has recentlypressed in GFAP1 astrocytes at late embryonic stages
bHLH Genes in Neuronal versus Glial Fate Choice
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Cortical Progenitor Cell Culturebeen proposed that Mash1 controls the timing of oligo-
Dorsal telencephalic vesicles from wild-type and mutant mice anddendrocyte differentiation (Kondo and Raff, 2000). Neu-
Wistar rats were dissected on ice-cold PBS. Rat embryos used toral bHLH genes thus appear to be remarkably flexible,
prepare feeder cells were 2 days older than the mouse embryos to
regulating multiple processes in different cell lineages. have an approximately equivalent developmental stage. Cells were
The molecular and genetic mechanisms underlying the dissociated by incubation at 378C in 0.05% trypsin solution for 10
min (at stages younger than E17.5) or 0.05% trypsin, 0.5 mg/mlability of these genes to perform multiple tasks remain
collagenase P (Boehringer Mannheim) for E17.5 and older stages,to be explored.
followed by trituration in DMEM (GIBCO–BRL, Life Technologies)
supplemented with 10% FCS (“complete medium”). Cells were then
Experimental Procedures filtered through a 70 mm nylon mesh. Rat and mouse cells were
cocultured as previously described (Go¨tz et al., 1998). Rat feeder
Animals cells (5 3 105) were plated per well of a 24-well plate (Costar, Cam-
Timed-pregnant animals were obtained by overnight mating. The bridge, MA) onto protein-coated coverslips in 1 ml complete me-
day of identification of the vaginal plug was considered E0.5. dium. Twelve millimeter glass coverslips were coated overnight with
Ngn2KILacZ (Fode et al., 2000) and Mash1D (Guillemot et al., 1993) 10 mg/ml of poly-D-lysine (Poly-D-Lys) (Sigma) in PBS and with 5
mutant mice have been previously described. To generate Ngn2; mg/ml laminin (Sigma) in PBS. Sorted mouse cells were seeded at
Mash1 double-homozygous mutant embryos, double-heterozygous 100–200 cells per well in complete medium onto rat feeder cells and
mice were intercrossed. Genotyping was performed using the poly- 10 ng/ml of bFGF (Roche Diagnostic) was added the first day of
merase chain reaction (PCR) on genomic DNA extracted from tails culture. Cells were grown at 378C in 6% CO2. Twenty-four hours
or embryonic yolk sacs as previously described (Fode et al., 1998). after sorting, 500 ml medium was aspirated and replaced by 500 ml of
PCR primers for genotyping of Mash1D (Guillemot et al., 1993) and synthetic medium described by Bottenstein and Sato (1979, “Sato’s
Ngn2KILacZ (Fode et al., 2000) mutant and wild-type alleles were as medium”). Thereafter, 500 ml medium was replaced by Sato’s me-
previously described. dium every 48 hr for 7 days. After this period of culture, maximum
clone size was 1.25 mm in diameter (a size only found in cultures
of Ngn2; Mash1 double-mutant cells). In the plating conditions used,RNA In Situ Hybridization and b-Galactosidase Staining
a maximum of 10 mouse cell colonies was obtained per coverslip,Embryos were fixed at 48C in 4% paraformaldehyde for 4 hr (E12.5)
corresponding to an average distance between colonies of 3.8 mm,or overnight (E15.5 and older). Fixed embryos were then impreg-
thus ensuring clonality of these colonies.nated with 20% sucrose in phosphate-buffered saline (PBS) over-
Cells were observed and counted using a 603 and 1003 objec-night at 48C and embedded in OCT (Tissue-Tek, Miles). Sections
tives and photographed using 403 and 603 objectives.were cut at 10 mm on a cryostat. Nonradioactive and 35S section
RNA in situ hybridization was performed as described in Cau et
Antibodies and Immunofluorescence Stainingal. (1997). b-galactosidase staining was performed as described in
Cells cultured for 7 days were examined by triple-labeling experi-Beddington et al. (1989). The probes used were described in the
ments. Cells attached to coverslips were fixed 15 min in 4% para-following publications: Hes5 (Cau et al., 2000), Ngn2 and NeuroD
formaldehyde, washed with TBS (Tris 0.1 M, NaCl 150 mM, pH 7.5),(Fode et al., 2000); tenascin C (Mitrovic et al., 1994).
and incubated with primary antibodies diluted in TBS/0.1% Triton/
5% goat serum for 45 min, as described (Go¨tz et al., 1998). Cells
Immunohistochemistry and Histology were incubated with M2 and M6 anti-mouse-specific rat monoclonal
For histological analyses, embryos were fixed in Bouin’s fixative for antibodies (Lagenaur and Schachner, 1981; Lund et al., 1985), fol-
24 hr (E12.5) to 3 days (P0). For proliferation studies, pregnant fe- lowed by anti-goat anti-rat IgG AlexA594 (Molecular Probes, Eu-
males were injected intraperitoneally with 2 mg of BrdU (Sigma, St gene, OR). Neurons were labeled with a monoclonal anti-class III
Louis, MO) 30 min prior to sacrifice. Brains were processed for wax b-tubulin antibody (Sigma) (Lee et al., 1990), and astrocytes were
embedding, cut at 7 mm, and stained with hematoxylin-eosin or labeled with a rabbit anti-GFAP antibody (DAKO, Glostrup, Denmark)
processed for anti-BrdU immunostaining. For RC2, anti-nestin, and or a mouse monoclonal anti-GFAP antibody (Sigma) (Bignami et al.,
anti-BLBP staining, E18.5 brains were fixed overnight at 48C in 4% 1972). Secondary antibodies were a highly cross-adsorbed goat
paraformaldehyde in PBS, vibratome sectioned at 100 mm, and anti-mouse AlexA488 antibody (Molecular Probes), a biotinylated
stained as described in Go¨tz et al. (1998). Biotinylated secondary goat anti-rabbit antibody (Vector) and AMKA-coupled avidin-D anti-
anti-mouse and anti-rabbit immunoglobulin antibodies (1/200 dilu- body (Vector). Coverslips were mounted on slides using Aqua poly-
tion) and avidin-biotin complex reagents were from the Vectastain mount mounting media (Poly-Labo). After staining, clones were
kit (Vector, Burlingame, CA). Embryos were either processed for visualized and counted using fluorescence microscopy (Leica, Ger-
wax sectioning for anti-BrdU immunohistochemistry or embedded many). A minimum of 100 clones were observed for each genotype.
in OCT for double RNA in situ/anti-BrdU immunostaining. The anti- Clone composition was compared between different cultures using
BrdU (1/100 dilution; Boehringer Mannheim) staining was performed the chi-square test.
as described in Casarosa et al. (1999).
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